In this paper we discuss the optical response of laser-written plasmonic colours on silver coated via the atomic layer deposition of alumina. These colours are due to nanoparticles distributed on a flat surface and on a surface with periodic topographical features (i.e. ripples). The colours are observed to shift with increasing alumina film thickness. The colours produced by surfaces with ripples recover their original vibrancy and hue after the deposition of film of thickness ~60 nm, while colours arising from flat surfaces gradually fade and never recover. Analysis of the surfaces identifies periodic topographical features to be responsible for this behaviour. Finitedifference time-domain simulations unravel the role played by the alumina thickness in colour formation and confirm the rotations and recovery of colours for increasing alumina thickness. The coloured surfaces were evaluated for applications in colourimetric and radiometric sensing showing large sensitivities of up to 3.06/nm and 3.19 nm/nm, respectively. The colourimetric and radiometric sensitivities are observed to be colour dependent.
Introduction
Plasmonic devices based on the unique optical properties of metallic nanoparticles (NPs) have been a topic of interest in the last decade, casting a wide net of promising applications in fields such as chemical and biomedical sensing [1] [2] [3] [4] [5] , photochemistry [6] [7] [8] , colouring [9] [10] [11] [12] [13] [14] [15] [16] [17] and surfaceenhanced spectroscopy [18, 19] . Localised surface plasmon resonances (LSPRs) are due to collective oscillations of free electrons when metal nanoparticles are exposed to optical radiation. They are sensitive to the shape and size of the nanoparticles, the proximity of any surrounding nanoparticles and the refractive index of the local surrounding medium [20] [21] [22] . The use of plasmonic nanoparticles in sensing applications exploits the latter for the detection of target analyte. Research on optimising the sensitivity of plasmonic nanoparticles by seeking the largest possible LSPR shift has been an important driver in the development of plasmonics. Researchers have explored the fabrication of nanowires [23] , nanoshells [24, 25] , nanodisks [26] and other distinctive shapes and arrangements [27] to achieve the best LSPR sensor. Typical fabrication methods of such structures include lithography [14, [28] [29] [30] [31] and the growth of nanoparticles via chemical means [32] . While nanoimprint lithography [14, 31] has promising scale-up potential, the initial step of mould fabrication is lengthy and often limited to small surface areas.
Recent advances in ultrafast laser technology and the creation of single-step plasmonic surfaces via the fast direct laser writing [9] [10] [11] of large areas [12, 17] show great promise in increasing production and cutting down of the fabrication time and cost of plasmonic devices. In addition, compared to ordered surfaces commonly fabricated using lithographic methods, surfaces coloured by ultrafast lasers are random. For colouring applications, this implies that under certain conditions such surfaces do not exhibit angle-dependent colours typical of ordered surfaces [12] . However, using different laser parameters, the exposure of metals to laser light can also result in angledependent colours via the creation of laser-induced periodic surface structures (LIPSS) [9] that originate from the interference of the incoming light with a scattered surface wave [33, 34] . Recently, Guay et al. [35] demonstrated that these LIPSS, combined with nanoparticles, enhance plasmon resonances, and that they could be tuned via different laser burst arrangements. Colour arising from light interacting with LSPRs on noble metals is sensitive to the local environment, so colour changes can be monitored in colourimetric sensor applications [32] .
Plasmonic colours created via laser pulses on Ag require a coating layer to passivate the surface [17] . Here, we investigate the optical response of plasmonic colours coated by alumina layers of different thicknesses formed via atomic layer deposition (ALD) on laser-coloured silver surfaces. The colour palettes investigated were created via the burst and nonburst colouring methods [12, 35] . We observed, with increasing alumina thickness, a broadening of the spectrum of burst colours and witnessed an initial fading of the colours followed by the recovery of the original chroma in the case of the burst colours. Finite-difference time-domain (FDTD) simulations were conducted to understand the role of an alumina layer in colour recovery, and to identify that the difference in behaviour between burst and nonburst coloured surfaces originates from the LIPSS that are formed using burst. We also consider our laser-coloured Ag surfaces as colourimetric and radiometric sensors, based on their responses to different alumina thicknesses. Schematic representation of the pulse energy distribution used for the (A) nonburst and (B) burst colours. The nonburst colours were written using a burst of 1 pulse (i.e. nonburst) with a laser repetition rate, f = 1/T b , of 50 kHz, while the burst colours were written using a burst pulse energy distribution shown in (B) with each pulse separated by 12.8 ns. The number of pulses within each burst can be set from 1 to 8. To increase the time separation between shots within the burst, the energy of pulses within the burst can be set to zero. (C) Schematic demonstrating the machining of samples using a top to bottom, unidirectional, raster scanning pattern.
Experimental methods
Silver surfaces were coloured by exposing large areas of the samples to laser irradiation by raster scanning the surfaces in a unidirectional top to bottom fashion ( Figure 1 ). The machining of the surfaces was carried out using a wavelength of 1064 nm emitted by a Duetto mode-locked laser (Nd:YVO 4 , Time Bandwidth ® Products, Zurich, Switzerland) outputting 10 ps pulses. Two laser colour marking schemes are investigated: the 'burst mode' composed of a train of closely time-spaced pulses and the standard 'nonburst mode'. The colouring of silver using these two marking techniques is described in previous work [12, 17] . The time separation between each of the pulses within the burst train is governed by the oscillator and is set to t ib = 12.8 ns. One to eight pulses within a laser burst can be selected and the energy distribution among the pulses can be adjusted using Flexburst™. The burst pattern (i.e. energy distribution) used to create the colours is shown in Figure 1B . The repetition rate, f = 1/T b , of the laser was set to 25 kHz using a pulse picker of 2 kHz for the burst colours and 50 kHz for the nonburst colours. After going through the XY galvanometric mirrors (TurboScan 10, Raylase, Webling, Germany), the light was focused onto the silver surface using an F-theta lens (f = 254 mm, Qioptic, Goettigen, Germany). For accurate focusing, the surface of a sample was located using a touch probe arrangement. The silver samples were of 99.99% purity with a diameter of 38 mm and a thickness of 3 mm. For machining, the silver samples were placed on a three-axis stage (HF-MP23, Mitsubishi Electric, Tokyo, Japan) with a translation resolution of 1 μm in the lateral and axial directions. The laser power was controlled by a user interface and monitored using a power meter (3A-P-QUAD, Ophir, Jerusalem, Israel). The spot size was measured to be ~28 μm following the semilogarithmic plot approach of the modified region following previous work [36] .
The colours were quantified using a Konica Minolta CR-241 Chroma meter (Tokyo, Japan) in the CIELCH colour space, 2-observer and illuminant C (North Sky Daylight). The instrument outputs LCH values of the measured colours, where L is lightness, C is chroma (i.e. colour saturation) and H is hue (colour value associated with a 360° polar scale). The LCH values were converted to the XYZ tristimulus colour space using Matlab (Natick, MA, USA) for the plotting of the Commission de l'éclairage (CIE) diagrams. The reflectance measurements were taken via an inhouse setup comprising a spectrometer (CCS200, Thorlabs, Newton, NJ, USA) and a cold LED source (MCWHF2, Thorlabs, Newton, NJ, USA). The light was sent and collected via a fibre-optic reflection probe bundle (RP28, Thorlabs, Newton, NJ, USA).
The ALD of alumina was performed using a Picosun R150 (Picosun Oy, Espoo, Finland) thermal deposition tool. Trimethylaluminium (TMA, >98%) and distilled water were held at 18°C in stainless steel bubblers for all of the depositions on the silver surfaces. Purges and line flows used 99.998% N 2 (150 sccm for TMA, 200 sccm for water). For all the depositions, there were six initial 1 s pulses of TMA followed by a 30 s purge. After the initial cycle, pulses and purge times for TMA and water were 1 s and 90 s, respectively. The depositions were performed with the temperature of the chamber set to 60°C. In addition, Si (100) "witness" wafers were placed in the chamber to confirm the expected growth rate of the alumina films. The silver samples were placed on a stainless-steel mesh during deposition in order to support the samples and ensure complete coverage.
The alumina films were probed by electron X-ray dispersive microscopy (EDX) (Oxford Instruments, Abingdon, UK). The alumina layer thicknesses were estimated by entering the values of the EDX probe, voltage, takeoff angle, element, element k-ratio, and estimated density in the software GMFilm (Cambridge University, Cambridge, UK) [37] . The EDX alumina thickness measurements were confirmed by ellipsometry (FUV-NIR, Horiba Uvisel, Kyoto, Japan), which was also used to measure the refractive index of the alumina films at an incident angle of 70° over the spectral range of 235-2000 nm in steps of 5 nm. Grazing angle measurements were performed with an FTIR spectrometer (Nexus 870, Thermo Nicolet, Waltham, MA, USA) with the incident light hitting the surface of the sample at an angle of 80°.
Results and discussion

Colourimetric response to the atomic layer deposition of alumina
In a previous study, a multi-layer coating method was developed to minimise morphological and colourimetric changes on the sample surface while protecting the surface against chemical attacks in order to target a specific industrial application [17] . The mechanism of island formation and film growth on the silver surface during ALD was discussed [17] . Here, a layer of alumina is deposited over pre-existing silver colours to investigate its effect on colour changes in order to compensate or predict the final image canvas. Figure 2 is a side-by-side comparison of a full colour palette (a) without and (b) with a 90-nm-thick film of alumina deposited via ALD. The colours on the surface of the silver samples were obtained using the nonburst (top in Figure 2A and B) and burst (bottom in Figure  2A and B) laser colouring methods, discussed in a previous publication [12, 35] . The nonburst and burst laser parameters used were a marking speed of 100 mm/s with a laser fluence of 5.73 J/cm 2 and a marking speed of 150 mm/s with a fluence of 12.12 J/cm 2 , respectively. The different colours were obtained by changing the line spacing, L s , between successive lines, controlling the density of nanoparticles re-deposited onto the metal's surface [12] .
As shown in Figure 2A and B, the colours are observed to change significantly for both nonburst and burst colours following the application of the 90 nm layer of alumina. For the burst case, intense colours are still observed after deposition of the 90 nm alumina film. Conversely, for nonburst, the colours are observed to be greyish and lighter. In industrial applications where visual colours are required, a smaller change in colour (i.e. ΔE) is preferred [38] , thereby conserving the vivid colour palette. Figure 2B suggests that burst coloured surfaces are the preferred choice in applications where protective coatings or tagging agents are to be placed on the coloured surface. Conversely, in colourimetric sensing applications, large changes in colour are desired. Figure 2C shows the evolution of colour with increasing alumina thickness in steps of ~7 nm for a few selected line spacings. Twelve identical colour palettes on 12 silver samples were placed in the ALD chamber and one sample was removed after each deposition of ~7 nm. The nonburst colours are observed to gradually lose their chroma with increasing alumina thickness. This decrease in the visual quality of the colours is largely consistent with groups who created colours by lithographic fabrication techniques and covered their surfaces with a passivation layer [13, 29] . Alternatively, for the burst case, the chroma of the colours is mostly recovered at larger film thicknesses. Indeed, the burst colours are observed to rotate in hue by almost 360° going from blue (H = 249.2) to purple (H = 291.4) with increasing alumina thickness (as discussed further below). Green colours can be distinctively observed during the colour transition with increasing ALD thickness, e.g. burst colours in Figure 2C for the case L s = 4 μm. For nonburst, only blue is observed to rotate in colour; however, the chroma of the colours is significantly reduced and does not recover with increasing alumina thickness. Green colours with this direct laser colouring method have, in the past, been difficult to obtain [12] . Thus, the alumina layer can serve as a tuning element to obtain colours over a wider range of hue values. Furthermore, techniques for controlling the thickness of ALD in selective areas were previously demonstrated via the use of self-assembled monolayer (SAM) films. The selective deposition of the ALD layer was controlled by etching the SAM layers at the metal surface [39, 40] . In a previous publication, we demonstrated that our surfaces could be used to cleave SAM molecules by a plasmon-assisted mechanism, making the deposition of selective thicknesses of alumina a real possibility [6] . Figure 3 shows CIE xy chromaticity diagrams for nonburst and burst colours as the alumina film thickness increases. The data points in the CIE diagram were obtained from the LCH measurement of each colour using the unpolarised light of the chromameter. Initially, the area covered by the colours on the CIE diagrams for each of the colouring methods is observed to decrease with increasing alumina thickness. This observation is consistent with other studies where a passivation layer was deposited on nanostructures responsible for colours [13] . In a CIE xy chromaticity diagram, the chroma (i.e. saturation) increases from the centre outwards. For burst, the area covered by the colours extends over more of the green region after the initial deposition of alumina. In addition, the decrease in covered area was observed up to a thickness of 55 nm before gradually recovering up to the maximum applied thickness of 90 nm. The reduction in the area is caused by a reduction in the chroma. The point of recovery for the burst colours appears to occur around ~55 nm of alumina. At 90 nm, the chroma is largely recovered. In the nonburst case, the chroma decreased and never recovered, yielding colours that are mostly grey. In addition, the area spanned by the colours continuously decreased with increasing thickness, collapsing into a small region of the CIE diagram. Figure 4 shows polar plots of hue (θ) versus total accumulated fluence (r) for the nonburst and burst colours with increasing alumina thickness. For the nonburst colours, the evolution of the hue values is observed to follow a brushing/sweeping motion (red arrow) with increasing alumina thickness. The brushing/sweeping motion initially moves to the right, until the thickness of 55 nm, before reversing direction to sweep left. At the thickness of 90 nm, the hue values have almost recovered their original values. It should be pointed out that throughout the motion in the nonburst case, new hue values are never added. For burst colours, however, the evolution of the hue values is different, exhibiting a counter-clockwise rotation with increasing alumina thickness. This counter-clockwise motion allows access to the green hue range (90-150°) that is usually very difficult to achieve with direct laser machining alone. A chroma gain of up to 61% can be observed in the green colour region (H = 90 to 150) compared to the best green colours obtained to date [12] . Hence, the burst colours are tunable to cover hue values outside the normal range depending on the thickness of the alumina layer. Similarly, to the nonburst colours, the original hue range is mostly recovered after deposition of 90 nm of alumina, with a distinctive crossing point at 55 nm.
It is widely known that changes in the local permittivity can be used to tune the plasmonic response of nanotextured surfaces [22] . While both colouring methods recovered their original hue values (Figure 4) , recovery of the chroma values was observed solely in the burst case ( Figure 3) . The results were observed to be reproducible in multiple trials demonstrating the deterministic process of the colour recovery of the burst surfaces. However, since the burst and the nonburst surfaces have similar nanoparticle statistics [17] and alumina film thicknesses, it would be expected that both should present a similar behaviour. The only difference between the two lies with the underlying topography of the burst surfaces [17] . The LSFL and HSFL structures found on the burst coloured surface is the key to understanding the different behaviours with increasing alumina thickness. The structures would serve to increase the area covered by the nanoparticles and cause field enhancement in the crevices, both increasing absorption [17] . The colours produced by the burst method are largely angle independent; however, if the colours are observed under intense white light, it is possible to see faint diffraction. The suppression of diffraction by the underlying periodic structure was previously explained as selective absorption dominating over diffraction [35] . We observed experimentally, for burst arrangements that produced the best-defined LSFL and HSFL structures, a dichroism in the perceived colours (e.g. blue-purple; purple-red; red-yellow) by simply rotating the coloured samples by 90°. The effect of diffraction is ruled out due to the absence of the majority of the colour spectrum while rotating the sample. The dichroism of the surface could originate from selective absorption by the defined LSFL and HSFL periodic structures. It is important to note that the burst colours used in this paper did not exhibit any dichroism.
In a colouring application, the passivation of the nonburst coloured surfaces would necessitate the deposition of a thickness lower than 7 nm in order to minimise the change in the colours and retain the original visual appeal of the colours (see Figure 3) . For burst, the alumina layer could either be below 7 nm or around 90 nm (see Figure 3B ), the latter providing better passivation. Furthermore, while the coloured surfaces have been previously shown to be sensitive to heat and to irreversibly degrade with prolonged exposure [17] , the recovery of the colours with increasing film thickness rules out heat as being responsible for the colour change. In a previous publication, it was demonstrated that alumina films deposited at 60°C required a minimum layer thickness of ~60 nm in order to protect coloured surfaces against chemical attack [17] . In an application, it is important that the protective layer has a minimal effect on the colours. For example, a colour design featuring a blue sky should still be blue following the deposition of the protective layer. The introduction of a protective layer usually shifts and shrinks the colour gamut rendering some colours inaccessible [13] . This has been a significant problem for plasmonics in decorative applications. A strategy to counter these issues has been to pre-compensate for the protective layer by modifying the nanostructure responsible for the colours [29] . This approach is certainly good in practice; however, coating techniques often demonstrate certain variability between runs which can counteract and negate the effect of the pre-compensated nanostructure. For instance, in our trials, we observed a significant change in colour for just a few nm of alumina. Alternatively, metal-insulatormetal (MIM) structures supporting gap plasmons and used to render colour are largely insensitive to changes in the local permittivity above the metal layer [41] . However, like most approaches based on nanolithography, the fabrication of MIM structures can be lengthy, complex and is limited to small planar areas. Therefore, recovery of the original colours of the burst surfaces reduces the difficulty of conserving the original colour design and provides an elegant solution to the problem. It does not require any pre-compensation of the nanostructure for the application of the protective layer while providing the necessary protection against the environment, but tight tolerances are required in the formation of the layer. Figure 5 shows reflectance measurements of selected coloured squares with different alumina thicknesses. The reflectance measurements using unpolarised light in Figure 5 are for blue (L s = 5 μm) and purple (L s = 8 μm) colours prior to the deposition of the alumina film, produced using the nonburst and burst colouring methods [12] . The features in the reflectance curves appear to follow similar trends for the different colours. The burst colours showed more defined features and larger variations between the peaks and valleys, explaining the higher chroma. With increasing film thickness, various features in the reflectance spectra emerge or shift (dotted lines); some of these features are more active than others. The shifts in the peaks/troughs are observed to be colour dependent with the blue colours being the most active. Figure 6A , clearly show the presence of Al 2 O 3 on the surface of coloured silver. A peak at 952 cm −1 representative of Al-O vibration can be distinguished [42, 43] . The alumina film was deposited at the low temperature of 60°C in order to limit any colour change caused by thermal damage to the nanostructure during deposition (the melting temperature of small silver nanoparticles is lower than the bulk [44, 45] ). Silicon witness wafers were placed in the deposition chamber and one was removed systematically at the same time as a silver sample. The thickness of each film was measured using a multi-point measurement approach and determined using GMRFilm software using K-ratios from electron dispersive X-ray spectroscopy [37] . The thickness of each film was also determined by ellipsometry measurements, along with their refractive index dispersion. Figure 6B compares the refractive index of thin films of Al 2 O 3 deposited via pulsed laser deposition [46] , to the refractive index of our Al 2 O 3 layers deposited by ALD on our witness wafers. The thicknesses obtained by ellipsometry on the silicon witnesses are in agreement with the EDX measurements obtained on the silver samples. In every case, the measured refractive index of the deposited films is lower than the films measured by Boidin et al. [46] . The low refractive index of our alumina is explained by the low deposition temperature used [47] . The refractive index of the deposited alumina layer can be modified by changing the deposition temperature; e.g. see the case for 250 cycles deposited at 100°C in Figure 6B. 
Surface chemical analysis
FTIR measurements of coated surfaces, plotted in
Numerical simulations
Numerical simulations using the FDTD method were conducted to give insight into the experimental observations. We use a 3D model with a silver surface in the xz plane, which can be a flat surface or a surface with a ripple structure, representing nonburst and burst morphologies, respectively. In Figure 7 , we show the setup for a burst simulation and highlight the geometric parameters. We model burst by a sine-modulated surface f(
where L p is the spatial period of the sinusoid and A its amplitude. The nonburst simulation is obtained for A = 0. Silver nanoparticles of radius R are distributed on the burst silver surfaces following a square lattice with centreto-centre distance D m and an embedding length into the surface R emb expressed as a fraction of the nanoparticle radius. We consider a y-propagating plane wave excitation (normal incidence) and periodic boundary conditions are applied in the x-and z-direction. We excite the system with [46] and the refractive index of the deposited films measured by ellipsometry on the witness silicon wafers and the two silver samples. The difference in the refractive index is attributed to the low-temperature deposition of the alumina film producing lower density and porous films. a broadband pulse to get results in the optical spectrum in a single run of the code. For the simulations, we used in-house parallel FDTD software [48] . An alumina layer of thickness t ALD is applied conformally to cover the surface of the silver samples [49] . The optical parameters of alumina are modelled in FDTD by fitting the data in Figure 6B [48] . A space step of 0.5 nm was used to discretise the simulation domain.
In particular, Figure 7 shows the electric field magnitude for the x-polarised excitation at λ 0 = 500 nm for L p = 1000 nm, R = 35 nm, R emb = 0.3R, D m = 100 nm, A = 100 nm and t ALD = 50 nm. In the figure we see a surface wave propagating in the x-direction directly above the alumina layer due to grating coupling. This figure is also extracted from Media 1, which shows the field distribution as a function of λ 0 for x-polarization, while Media 2 shows the field distribution as a function of λ 0 for z-polarization. In Media 1 and Media 2 we observe that for shorter wavelengths the field is more diffused in the alumina layer, while for longer wavelengths the field is confined in the vicinity of the nanoparticles. In Media 1 we also see the complexity of the resonant modes for nanoparticles arranged on a sinusoidal surface. In Media 3 we show the time domain evolution of the electric field in the case of an x-polarised plane wave pulse interacting with the surface for L p = 1000 nm, D m = 100 nm, A = 100 nm and t ALD = 100 nm. This movie helps in understanding the simulation setup and the physics involved. We consider here only LSFL (L p = 1000 nm), but simulations for HSFL (L p = 200 nm) were also conducted and they show similar trends (see Figure S3 and Media S1).
As shown in Figure 2 , the colours obtained with the burst technique are more saturated than the colours obtained with nonburst [35] , and this is valid also when an alumina layer is applied. In Figure 8A and B, we show the simulation results for nonburst and burst (L p = 1000 nm, A = 150 nm), respectively. The simulations were performed for R = 35 nm, R emb = 0.3R and D m = 75 nm for increasing t ALD . In our simulations, we find that the colours in the burst case (when the burst surface is excited through a plane wave linearly polarised in the z-direction) are more saturated than in the nonburst case for most alumina thicknesses. This is due to the underlying ripples which produce field enhancement in the crevices [35] and to the alumina layer which further confines the field close to the nanoparticles.
The local minima in the reflectance curves are due to the fact that the random surface is approximated by a perfectly ordered array of nanoparticles. The reflectance becomes smoother by averaging the curves associated with the variation of a geometric parameter, e.g. L p , but the overall trend of the reflectance is not altered. Thus, the result of a single simulation (without performing averages) is enough to describe the behaviour of the surface. In simulations, the colour is strongly dominated by shifts in plasmonic resonances up to a certain alumina thickness t ALD ~ 0.5D ee (D ee is the edge-to-edge distance, defined as D m -2R). In fact, a small increment of t ALD between 0 and ~0.5D ee produces a quick filling of the gaps in between the nanoparticles and a rapid change in colour. For example, in the case of silver nanoparticles in Figure 8 (R = 35 nm, R emb = 0.3R and D ee = 5 nm), the conformal growth of the alumina layer increases the optical thickness between nanoparticles and a transition from blue to yellow is observed (see Figure 8) , which mimics the trend previously reported [12] , where we found that increasing interparticle distance of surfaces without alumina changes the colour from blue to yellow. For D m = 90 nm (D ee = 20 nm, see Figure 9 ), we see a transition from yellow to blue due to an increase of the effective nanoparticle size. In simulations, when we increase the alumina layer thickness from t ALD = 0 nm to t ALD ~ 0.5D ee , we do not consider any modification of the geometry and distribution of the nanoparticles and we observe a sharp colour transition. In experiments, the surface could be modified when the alumina deposition process starts due to a temperature increase [17] . This may modify the geometry and distribution of nanoparticles, for example, the nanoparticles could embed further into the surface, which may cause a drastic colour change. Recently, it was observed that the nanoparticles may consist of a core/shell (Ag/Ag 2 O or Ag/ AgOHAg 2 CO 3 ) structure which could significantly alter its dielectric environment [50] . The presence of the oxide and hydroxyls would help the initial growth of the alumina but at the same time chemical changes may be incurred at the surface [17] . On the basis of these considerations, we will not try to compare our simulations to the experimental results for an alumina thickness less than ~0.5D ee , and we will rather focus on the colour evolution for t ALD ≥ 0.5D ee (~10 nm). Under this condition the colour evolution as a function of t ALD becomes more gradual.
In the case of x-polarised excitation of a burst surface, the grating-coupling (see Figure 7 ) may produce narrowband dips in the reflectance spectrum at λ 0 ~ 0.5L p that modifies the colour with respect to z-polarised excitation [35] . Figure 9A and B show this effect in burst simulations as a function of t ALD for x-polarization and z-polarization, respectively, for L p = 1000 nm, A = 150 nm, R = 35 nm, R emb = 0.3R and D m = 90 nm. The polarization dependence arising in burst simulations is observed also in experiments, though not as strongly, and only for burst arrangements with very defined and continuous ripple structures. In Figure 2C , despite the low saturation of the nonburst colours (the colours seem to bleach), we still notice similar colour trends for nonburst and burst for increasing t ALD ; this was also observed in our simulations over a wide range of parameters (see Figure 8 for example). Since the contribution of the ripples to the hue is somewhat marginal as they primarily contribute to the colour saturation, nonburst simulations would be sufficient to study the mechanism of the colour evolution with increasing t ALD . For all these reasons, we consider nonburst surfaces in the following discussion.
In Figure 10A and B, we show the colour evolution as a function of t ALD for D m = 75 nm (R emb = 0.5R) and D m = 90 nm (R emb = 0.6R), respectively; the nanoparticles are arranged in a hexagonal lattice, and we consider R = 35 nm and A = 0 nm (i.e. a flat surface) in both cases. The trend in Figure 10A is observed in Figure 2C for nonburst 18 μm and burst 13 μm. The trend in Figure 10B is observed in Figure 2C for nonburst 5 μm and burst 4 μm. While the experimental palettes are shown up to t ALD = 90 nm, we have performed our simulations up to t ALD = 200 nm to confirm the colour recovery and rotation. In fact, in Figure 10A , we see that the orange for t ALD = 40 nm (H = 68, C = 51) recovers at t ALD = 180 nm (H = 70, C = 51) with a rotation over an alumina thickness of 140 nm. In Figure 10B , we see that the green for t ALD = 20 nm (H = 140, C = 5) recovers at t ALD = 160 nm (H = 134, C = 25) with higher saturation and with a rotation over an alumina thickness of 140 nm. The rotation of the colour palette over t ALD ~ 140 nm (which is ~0.5 λ/n, where n ~ 1.65 is the refractive index of alumina measured in Figure 6B ) suggests that it may be due to the interference between the reflected wave at the air/alumina interface and the reflected wave at the alumina/silver interface. While the colour is strongly influenced by the plasmonic dip above t ALD = 10 nm, which does not seem to change, it is also affected by the condition of maximum constructive interference, which depends on the alumina thickness as well as the phase of the plasmonic reflection coefficient that is highly dependent on frequency. This maximum constructive interference condition will then move to different colours as the thickness increases, eventually returning to the original colour when the thickness has increased by ~0.5 λ/n. To summarise, for a small t ALD the colour is primarily dominated by changes in plasmonic resonances, and starting from a certain t ALD threshold the plasmonic resonance is less perturbed by adding more alumina. Thus, the evolution of the colour is dominated primarily by interference between the wave reflected at the air/alumina interface and the wave reflected at the alumina/plasmonic interface, where we can imagine the plasmonic layer as a composite layer made by metal and alumina with all the gaps filled by alumina.
The evolution of the colours as a function of t ALD can also be used as a fingerprint to retrieve the nanoparticle distribution, since the sequence of colours is intimately connected to the surface characteristics. Another interesting aspect about the use of a coating layer is the fact that the rotation of the colour can be exploited for tunability and creation of colours which are difficult to create on the bare surface, for example green. Tunability means that starting from a colour (hue), there is an alumina thickness which is able to create any other colour. This is not true for all the initial colours, as we can see in Figure 10 . For example, we find that it is true for the case in Figure  10B , where we see that the palette covers the full hue spectrum, and it is not true for the case in Figure 10A , where the range of hues is limited.
Surface sensitivity
The visual differences in the colours and the changes observed in the reflectance spectra with increasing alumina thickness ( Figures 2C and 5 ) suggest that the surfaces could be used in colourimetric sensing applications (e.g. colour change biosensors). To examine the potential for this application, we plot in Figure 11 the change in colour, ΔE, versus hue with increasing film thickness for nonburst and burst colours. The change in colour is defined by the following relation [38] :
where a and b are given as 2 cos 360
and 2 sin . 360
L is lightness, C is chroma and H is hue -the three components of the LCH colour space. In Eq. (1), subscripts 1 and 2 are used to identify the colours before (1) and after (2) ALD coating. ΔE ~ 1 is the minimum colour change that the human eye can discern [38] . A significant change in colour can be observed for both the nonburst and burst colours with increasing alumina thickness. ΔE is observed to depend on the starting colour before deposition of the alumina film. In both cases, the most sensitive hue region is in the purple colour range (H = 270-330). The sensitivity of the burst colours is observed to be higher in the blue (H = 210-270) and purple region (H = 270-330), by 96% and 75%, respectively, compared to the nonburst colours of the same hue regions. The increase in ΔE for the burst colours is believed to come from the periodic structures in the burst coloured surfaces. The ability to tune these structures with different burst arrangements [35] could potentially serve to increase their sensitivity for better performance in colourimetric sensing applications. Yellow (H = 30-90) and red (H = 330-30) colours do not produce a significant enhancement in ΔE for burst, yielding 13% and 64% increases, respectively. The similar sensitivities of the nonburst and burst surfaces in the yellow and red hue regions is attributed to the disappearance of the periodic features present in burst with increasing line spacing [35] . Interestingly, the improvement in sensitivity of the burst colours follows the improvement in chroma compared to the nonburst colours. These results suggest that burst purple ( Figure 11B ) is the ideal choice for colourimetric sensing applications with a sensitivity of 3.06/nm (2.02/nm for nonburst -ΔE is dimensionless), implying that less than 1 nm of material on the surface is required for the change in colour to be perceived by the human eye. The sensitivity of the coloured surfaces is, however, not linear with increasing alumina thickness. For a film thickness of 90 nm, the sensitivity of the purple colours drops to 0.56/nm and 0.30/nm for burst and nonburst, respectively, requiring about 2 nm of material to produce a perceivable change in colour. Blue colours are observed to change the least with increasing film thickness.
Interestingly, while blue surfaces do not perform well as a colourimetric sensor, the surface is best as a radiometric sensor (see Figure 5 ). For the blue surfaces, the highest sensitivities observed are for the resonant features identified as F nb,1,blue and F b,2,blue , yielding 2.58 and 3.19 nm/ nm for the nonburst and burst cases, respectively. These sensitivities rival sensors fabricated via nanolithography techniques. For the purple cases, the features producing the highest sensitivities are F nb,4,purple and F b,4,purple , yielding 0.63 nm/nm and 1.02 nm/nm, respectively. The sensitivity of the different features identified in the reflectance spectra varies significantly with thickness. For example, F nb,2,blue and F b,3,blue produce sensitivities of 0.31 nm/nm and 0.35 nm/nm, respectively. The plasmon shift, with increasing alumina thickness, is observed to decrease for colours produced with larger line spacings (i.e. lower nanoparticle densities -blue to yellow) making the blue colours better for radiometric sensing. In addition, while the current colours were chosen because they were aesthetically pleasing, colours can be produced with marking speeds as fast as 3000 mm/s making this process viable for industrial applications and the marking of large surface areas. Furthermore, while silver cannot be used directly in biosensing applications due to its reactivity, a thin passivation layer could be formed by ALD on the surface.
Conclusion
Colour palettes produced on the surface of silver using nonburst and burst colouring methods were modified by alumina films produced via ALD. The colour and reflectance changes were characterised as a function of alumina film thickness. For burst, the colours first degrade with increasing film thickness but recover at larger thicknesses and the colour range is expanded, whereas for nonburst the colours keep degrading. Underlying periodic structures specific to burst are responsible for this behaviour. FDTD modelling of representative surfaces, including a conformal alumina layer, helps explain the colour rotation and recovery observed in experiments with increasing alumina thickness. For alumina thicknesses smaller than the nanoparticle gaps, the changes in the perceived colours are due to the perturbation of plasmonic resonances. For alumina thicknesses larger than the nanoparticle gap, the change in colours originates from the complex reflectance response of the aluminacoated structures due to plasmonic resonances and interference effects in the multi-layer system.
In addition, the surfaces are thought to be good candidates for colourimetric sensing. The sensitivity of the surfaces depends on the initial colour prior to deposition. The colourimetric response of the burst surfaces is increased by up to 96% relative to the nonburst surfaces. The purple colours are the most sensitive, yielding a sensitivity of 3/nm, which implies that less than 1 nm of alumina is needed to produce a colour shift perceivable by the human eye. The coloured surfaces could also perform well as radiometric sensors, yielding sensitivities as high as 3.19 nm/nm for the blue colours. The ability to tune the structures for grating-assisted coupling and improve colours using burst makes laser-written surfaces very versatile for specific sensing application.
